Behavior and physiology are orchestrated by neuropeptides acting as neuromodulators 34 and/or circulating hormones. A central question is how these neuropeptides function to 35 coordinate complex and competing behaviors. The neuropeptide leucokinin (LK) 36 modulates diverse functions, including circadian rhythms, feeding, water homeostasis, 37 and sleep, but the mechanisms underlying these complex interactions remain poorly 38 understood. Here, we delineate the LK circuitry that governs homeostatic functions that 39 are critical for survival. We found that impaired LK signaling affects diverse but 40 coordinated processes, including regulation of stress, water homeostasis, locomotor 41 activity, and metabolic rate. There are three different sets of LK neurons, which 42 contribute to different aspects of this physiology. We show that the calcium activity of 43 abdominal ganglia LK neurons (ABLKs) increases specifically following water 44 consumption, but not under other conditions, suggesting that these neurons regulate 45
Introduction
improves survival under desiccation conditions. 135
To determine which of the LK neurons respond to starvation, desiccation 136 and/or water ingestion we monitored the calcium activity of LK neurons using the 137
CaLexA system [22] . We found that only the ABLKs, but not the LK neurons in the brain 138 (not shown), were activated following re-watering (drinking) (Fig. 4A ). The activation of 139
ABLKs can be seen as increased GFP intensity as well as the number of cells that could 140 be detected ( Fig. 4B and C) . Moreover, these cells did not display activation when the 141 flies are placed under starvation, desiccation or on artificial diet. These results further 142 support the role of ABLKs in the regulation of water homeostasis. 143
Next, we tested the Lk and Lkr mutants for the strength of the proboscis 144 Supplementary Table 1 ). The Lk mutant flies displayed a reduced PER ( Fig. 5C ) and 146 this phenotype was rescued by UAS-Lk in the homozygous GAL4-insertion mutants 147 ( Fig. 5D ). This reduction in PER was also seen after inhibition of LK neurons by targeted 148 expression of UAS-TNT ( Fig. 5B ). However, the Lkr mutant flies displayed the opposite 149 behavior, showing increased PER that could also be rescued by UAS-Lkr expression 150 ( Fig. 5A ). Finally, we used an assay for short term feeding (over 30 min), in which the 151 amount of ingested blue-dyed food was measured in fly homogenates. In this assay, 152 there was no difference in food intake between mutant flies and controls, either in 153 starved or fed conditions (Fig. 5E ). This lack of effect was also seen when the LK 154 neurons were inhibited by targeted expression of UAS-TNT ( Fig. 5F ). Therefore, LK 155 neurons seem to regulate the propensity of animals to initiate reflexive feeding, without 156 affecting total meal volume. 157
Activity and metabolic rate are acutely regulated by food availability and 158 environmental stress. To determine whether LK regulates these processes we 159 6 simultaneously recorded animal activity and metabolic rate using stop-flow indirect 160 calorimetry [23] . Single Lk and Lkr mutant flies were tested for locomotor activity and 161 metabolic rate (vCO2) over a 24-hour period. The Lk mutants displayed reduced 162 locomotor activity, with homozygotes displaying almost no morning or evening activity 163 peaks ( Fig. 6A and B) . The metabolic rate of these mutant flies was also reduced over 164 the entire period of observation ( Fig. 6C and D) . The Lkr mutants displayed a similar 165 reduction in both locomotor activity and metabolic rate, except that the heterozygotes 166 displayed no change in locomotor activity ( Fig. 6E-H) . We also used the standard 167 Drosophila activity monitor system (DAMS) to verify our locomotor activity results from 168 the above setup. Indeed, we obtained similar results to those above, with Lk and Lkr 169 mutants displaying reduced activity ( Fig. S1A and B ). Together, these findings suggest 170 that LK stimulates both metabolic rate and activity. 171 172
Identifying targets of LK 173
The expression of Lk and Lkr in the central nervous system (CNS) and periphery raises 174 the possibility that distinct populations or neural circuits regulate different behaviors. 175
The Lk and Lkr GAL4 knock-in mutants (GAL4 CC9 ) that we generated using 176 CRISPR/Cas9 enable simultaneous knockdown and visualization of the distribution of 177 peptide and receptor gene expression in different tissues. Since the GAL4 is inserted 178 within the gene itself, the retention of all the endogenous regulatory elements should in 179 theory allow GAL4 expression to mimic that of the Lk and Lkr. Thus, the Lk-GAL4 CC9 180 expression observed (Fig. S2) is very similar to that seen in earlier reports using 181
conventional Lk-GAL4 lines [7, 18] . With a few exceptions, the pattern of Lk-GAL4 CC9 182 expression also matches that of LK immunolabeling ( Fig. S2C and D) . Notably, a set of 183 5 pairs of GFP-labeled lateral neurosecretory cells does not display LK immunolabeling 184 in third instar larvae or adult flies ( Fig. S2C and S3A ). These neurons are known as ipc-185 1 and ipc-2a, and they express ion transport peptide (ITP), short neuropeptide F (sNPF) 186
and Drosophila tachykinin (DTK) [24, 25] . 187
Since the cellular expression of Lkr in Drosophila is poorly known we utilized 188
our Lkr-GAL4 CC9 line to drive GFP and analyzed CNS and peripheral tissues. We 189 compared the expression of our Lkr-GAL4 CC9 to that of another Lkr-GAL4 (Lkr-190 GAL4::p65) generated using a BAC clone as described previously [26] and found a high 191 degree of overlapping expression patterns between the two drivers. In the periphery, the 192 stellate cells of the MTs express Lkr-GAL4 CC9 (Fig. 7A ) as expected from earlier work 193 demonstrating functional expression of the Lkr in these cells [9, 12] . Furthermore, Lkr-194 GAL4 CC9 driven GFP was detected in endocrine cells of the posterior midgut ( Fig. 7B) , 195 in the anterior midgut ( Fig. 7C and D), and in muscle fibers of the anterior hindgut and 196 rectal pad ( Fig. 7E and F) . Lkr-GAL4 CC9 >GFP expression was also present in peripheral 197 neurons ( Fig. S4A ), the dorsal vessel as well as the nerve fibers innervating it (Fig. 198 S4A), and the sensory cells of the legs, mouthparts and anterior wing margin ( Fig. S4B -199 D). In third instar larvae, we could also detect Lkr-GAL4 CC9 expression in the stellate 200 MTs, and in the larval hindgut ( Fig. S6B ). Interestingly, the shape of the stellate cells in 205 adults varied between cuboidal and the more typical star-shaped morphology ( Fig S6C  206 and D). 207
In general, the expression of the new Lkr-GAL4 CC9 line is in agreement with 208 the BAC/promoter fusion line and available immunolabeling data, suggesting that they 209 largely recapitulate the endogenous receptor expression pattern. To further validate the 210 authenticity of the GFP expression in the periphery, we examined Lkr expression in two 211 publicly available resources for gene expression, FlyAtlas [27] and Flygut-seq [28] . 212
FlyAtlas reveals that Lkr is expressed in the larval and adult hindgut, MTs and CNS ( Fig.  213 7G). Moreover, the Flygut-seq data base shows that Lkr is expressed in 214 enteroendocrine cells of the midgut, in visceral muscles near the hindgut and in the gut 215 epithelium [28] ( Fig. 7H ). Thus, the transcript expression data correlate well with the 216
GAL4 expression pattern. 217
The expression pattern of Lkr-GAL4 CC9 and the Lkr-GAL4 also matched well 218 within the brain. Both GAL4 lines drive GFP expression in a relatively large number of 219 neurons in the larval (Fig S3B and S7A ) and adult CNS ( Fig. S7B -C and S8), but we 220 focus here on two sets of identified peptidergic neurons in the brain (Fig. 8 ). Both, the 221
Lkr-GAL4 CC9 and Lkr-GAL4, drove GFP expression in the brain IPCs, as identified by 222 anti-DILP2 staining, and in the 5 pairs of brain ipc-1/ipc-2a cells, that colocalize anti-ITP 223 staining ( Fig. 8 ). In addition, comparison to the single-cell transcriptome dataset of the 224 entire Drosophila brain [29] identified coexpression between Lkr and DILP2, 3 and 5, as 225 well as Lkr and ITP ( Fig. 9 ). Lkr is widely expressed in the Drosophila brain with 226 transcripts expressed in cells of various clusters, including the peptidergic cell cluster 227 (marked with dimm) and the glia cell cluster (marked with repo) (Fig. 9A ). Within the 228 peptidergic cell cluster, Lkr is coexpressed with ITP ( Fig. 9B ) and in IPCs along with 229 DILP2, 3 and 5 ( Fig. 9C and D) . Our receptor expression data further emphasizes the 230 important interplay between LK signaling within the CNS and systemic LK action that 231 targets several peripheral tissues, which together orchestrate physiology and behavior. 232
To establish the nature of connections (synaptic versus paracrine) between LK 233 neurons and the IPCs, and to identify other neurons downstream of LK signaling, we 234 employed the trans-Tango technique for anterograde trans-synaptic labeling of neurons 235
[30]. Using Lk-GAL4 to drive expression of the system, we see strong GFP-labeling 236 (pre-synaptic marker) in SELK neurons and expression of the post-synaptic marker 237 (visualized by mtdTomato tagged with HA) is seen in several SEG neurons some of 238 which have axons that project to the pars intercerebralis ( Fig. 10 A and B) . Lkr is 239 expressed in the IPCs, which have dendrites in the tritocerebrum and subesophageal 240 zone where the LK post-synaptic signal is found ( Fig. S10 ), so we asked if the IPCs are 241 post-synaptic to SELKs. However, no colocalization is seen between the IPCs and post-242 synaptic signal of LKs. In addition, the post-synaptic signal is not coexpressed with 243
Hugin neurons (labeled with anti-CAPA antibody) although these have similar axonal 244 projections ( Fig. S9 ). Hence, these anatomical data indicate that the IPCs express the 245 Lk receptor, but may receive non-synaptic (paracrine) inputs from LK neurons, or 246 possibly via the circulation from ABLKs. 247
Since Lkr is expressed in the IPCs we wanted to examine if the expression of 248
DILPs is altered in Lk and Lkr mutants. In Lk mutant flies, DILP3 immunolabeling is 249 increased and in Lkr mutants both DILP2 and DILP3 levels are significantly higher ( Fig.  250 10C-F), indicating that LK could affect the release of DILP2 and DILP3 (as increased 251 immunolabeling has been proposed to reflect decreased peptide release [31]). No effect 252 on DILP5 levels was seen for any of the mutants, suggesting that LK selectively 253 modulates DILP function ( Fig. S11) . 254
Next, we examined DILP2, DILP3 and DILP5 transcript levels by qPCR after 255 targeted knockdown of the Lkr in the IPCs of flies using two different Lkr-RNAi lines and 256 a DILP2-GAL4 driver; also different diets were tested since DILP expression in IPCs are 257 influenced by carbohydrate and protein levels in the food [32]. The experimental flies 258 developed to pupation on normal diet and were transferred as adults to three different 259 diets, high sugar+high protein, low sugar+high protein and normal diet. UAS-Lkr-RNAi-260 #1 did not drive efficient knockdown and was thus excluded from the analysis; data 261
shown for UAS-Lkr-RNAi-#2. Significant effects on DILP transcripts were only seen for 262 DILP3, which was increased in flies after Lkr-RNAi under normal and high-sugar+high-263 protein diets, and DILP5, which was decreased in normal diet. Having noted an effect 264 on DILP/DILP levels in mutant flies and after Lkr knockdown in the IPCs we went on to 265 determine the effects of this manipulation on fly weight as well as survival during 266 starvation and desiccation. As seen in Fig. S12 , there was a slight increase in survival 267 during desiccation and a small increase in dry weight of the flies with reduced Lkr in 268
IPCs. 269
Taken together, we identify roles for the Lkr within the CNS and in the 270 periphery that uniquely regulate physiological homeostasis. The Lkr expression in the 271 periphery suggests LK signaling to be associated with water balance, gut function and 272 chemosensation ( Fig. 12 ). Within the CNS, LK signaling modulates specific 273 neurosecretory cells of the brain that are known to regulate stress responses, feeding, In this study we established the role of LK signaling in orchestrating behavioral 278 and physiological homeostasis in Drosophila. More specifically, we determined a set of 279 effects caused by loss of LK signaling, which indicates that this neuropeptide regulates 280 physiology related to water homeostasis and metabolism, as well as associated stress, 281 locomotor activity and metabolic rate. We suggest that LK signaling regulates post-282 feeding physiology, metabolism and behavior, as this seems to link most of the observed 283 phenotypes observed after peptide and receptor knockdown. 284
In support of the physiological roles of LK signaling, we show distribution of the 285
Lkr expression in cells of the renal tubules and intestine, including the water-regulating 286 rectal pads, as well as in the IPCs, which are known to signal with DILPs to affect 287 feeding, metabolism, sleep, activity and stress responses [33] [34] [35] [36] 38] . Lkr is also 288 expressed by another set of brain neurosecretory cells (ipc-1/ipc-2a) known to regulate 289 stress responses by means of three different coexpressed neuropeptides [24] . 290
In the CNS of the adult fly, LK is produced at high levels by a small number of 291 neurons of three major types: two pairs of interneurons in the brain and about 20 292 neurosecretory cells, ABLKs, in the abdominal ganglia [6, 7] . There is mounting evidence 293 that the ABLKs use LK as a hormonal signal that targets peripheral tissues, including the 294 renal tubules [17] and that the brain LK neurons act in neuronal circuits within the CNS 295
[18-20,39]. More specifically, the LHLK brain neurons are part of the output circuitry of 296 the circadian clock in regulation of locomotor activity and sleep suppression induced by 297 starvation [19,20,39] and the SELKs of the subesophageal zone may regulate feeding 298
[18]. In fact we show here that these SELKs have axons that exit through subesophageal 299 nerves known to innervate muscles of the feeding apparatus. We found in this study that 300 the ABLKs display increased calcium activity in response to drinking in desiccated flies, 301 but not during starvation, desiccation or regular feeding. This finding supports a role of 302
ABLKs and hormonal LK in regulation of water balance. These neurons have also been 303 implicated more broadly in control of water and ion homeostasis and in responses to 304 starvation, desiccation and ionic stress [17] . The LHLKs and SELKs did not display 305 changes in calcium signaling under the tested conditions, strengthening the unique 306 function of ABLKs in diuresis. 307
The regulation of metabolic rate, as determined by measurement of CO2 308 production, is a novel phenotype that we can link to LK signaling. This may be 309 associated with the overall activity of the flies, as suggested by the correlation between 310 activity and CO2 levels in our data. Thus, the regulation of activity and metabolic rate 311 might be coordinated by means of the LK neurons. 312
Using anatomical and experimental strategies, we identified a novel circuit 313 linking LK to insulin signaling. Lkr expression was detected in the brain IPCs using two 314 independently generated GAL4 lines plus single-cell transcriptome analysis. We also 315 observed that Lk and Lkr mutants displayed increased levels of DILP2 and DILP3 316 immunoreactivity in the brain IPCs and targeted knockdown of Lkr in IPCs increased 317 DILP3 expression. Associated with this we found that Lkr-RNAi targeted to IPCs 318 increased resistance to desiccation. However, using the trans-Tango method for 319 anterograde trans-synaptic labeling [30], we could not demonstrate direct synaptic 320 inputs to IPCs from LK neurons. The LHLKs did not yield any detectable signal; 321 however, the Lk-GAL4 line displayed very weak expression in the LHLKs. The SELKs 322 drove postsynaptic marker signal in sets of neurons in the SEG, some of which have 323 processes impinging on the IPCs. These findings suggest that SELKs form no 324 conventional synaptic contacts with IPCs, but paracrine LK signaling to these neurons is 325 not excluded since the two sets of neurons have processes in close proximity in the 326 tritocerebrum and the subesophageal zone. Nonsynaptic paracrine signaling with 327 neuropeptides has been well established in mammals (see [40] [41] [42] ) and is likely to occur 328 also in insects. Alternatively, the LK input to IPCs could occur systemically at the 329 peripheral axon terminations of the IPCs after hormonal release from ABLKs. Whether 330 paracrine or hormonal, LK appears to regulate the IPCs and transcription and release of 331
DILPs. Thus, some phenotypes seen after the global knockdown of LK and its receptor 332 are likely to arise via secondary effects on insulin signaling, suggesting another layer of 333 regulatory control whereby LK-modulation of DILP production and release could affect 334 metabolism, stress responses and longevity [reviewed by [38, 43, 44] ]. Our findings, 335 therefore, add LK as yet another regulator of the Drosophila IPCs, which have 336 previously been shown to be under the regulation of several other neuropeptides and 337 neurotransmitters [reviewed in [38, 43] ]. It is noteworthy that at the levels of both 338 transcription and presumed release the LK effect on IPCs is selective, affecting DILP2, 339 DILP3 and DILP3 only. 340
We suggest that LK signaling regulates post-feeding physiology and behavior 341 seen in the mutants as reduced metabolic rate and locomotor activity, diminished PER, 342 and reduced diuresis, as well as increased resistance to starvation and desiccation. Our 343 data also indicate that in wild type flies LK triggers release of IPC-derived DILPs that are 344 required for post-feeding metabolism and satiety, and it acts on other cells to induce 345 diuresis, and to increase activity (especially evening activity) and metabolic rate. Fly lines and husbandry 370
All fly strains used in this study ( Table 1) For DILP2>Lkr-RNAi qPCR, crosses were established in normal food (NutriFly 378
Bloomington formulation) and eggs were laid for 24 hours. After adult eclosion, males 379 were transferred to alternative diets (normal diet described above; high-sugar high-380
protein: normal diet except with 20% sucrose and 10% yeast; low-sugar high-protein: 381 normal diet except 5% sucrose and 10% yeast). After 5-7 days on these media, heads 382 were dissected for qPCR. 383 384 
386

Generation of GAL4 knock-in mutants and transgenic lines 387
Lk-/-and Lkr -/-were generated using the CRISPR/Cas9 system to induced homology-388 dependent repair (HDR) using one guide RNA (Lk-/-: GATCTTTGCCATCTTCTCCAG 389
and Lkr-/-: GTAGTGCAATACATCTTCAG). At gRNA target sites a donor plasmid was 390 inserted containing a GAL4::VP16 and floxed 3xP3-RFP cassette. For Lk -/-, the knockin 391 cassette was incorporated immediately following the ATG start site (4bp to 10bp, relative 392 to start site). For Lkr-/-, the knock in cassette was incorporated upstream of the ATG start 393 site (-111bp to -106bp, relative to start site). All lines were generated in the w 1118 394 background. Proper insertion loci for both mutations were validated by genomic PCR. 
RT-qPCR 421
To quantify Lk and Lkr transcript levels in mutant flies, the following method was used. 422
Briefly, ten or more fed flies were flash frozen for each sample. Total RNA was extracted 423 To quantify DILP2, 3 and 5 transcript levels following DILP2>Lkr RNAi, the 431 following method was used. DILP2-GAL4 and UAS-RNAi animals (Lkr-RNAi-#1 and -#2, 432
plus UAS-Luciferase-RNAi as a control for effects of genetic background and RNAi 433 induction) were mated and allowed to lay eggs for 24 hours in vials containing normal 434 food; adult males from these crosses were then transferred to vials of normal food or 435 high-sugar, high-protein or low-sugar high-protein diet. After 7 days, heads were 436 dissected on ice into extraction buffer, and RNA was extracted with the Qiagen RNeasy 437
Mini kit (#74106) with RNase-free DNase treatment (Qiagen #79254). cDNA was 438 prepared using the High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor 439 (ThermoFisher #4268814), and qPCR was performed using the QuantiTect SYBR Green 440 PCR Kit (Fisher Scientific #204145) and an Mx3005P qPCR system (Agilent 441 Technologies). Expression levels were normalized against RpL32 (Rp49), whose levels 442
have been determined to be stable under dietary modification [32, 59] . The primers used 443 are listed in Table 2 . Samples were prepared in four biological replicates of 10 heads 444 each, and each biological replicate was assayed in two technical replicates. 445 446 
Immunohistochemistry and imaging 449
Immunohistochemistry for Drosophila larval and adult tissues was performed as 450 described earlier [17, 60] . Briefly, tissues were dissected in phosphate buffered saline 451 (PBS) and fixed in 5% ice-cold paraformaldehyde (2 hours for larval samples and 3.5 -4 452 hours for adults). Samples were then washed in PBS and incubated for 48 hours at 4C 453 in primary antibodies diluted in PBS with 0.5% Triton X (PBST) ( Table 3) . Samples were 454 thereafter washed with PBST and incubated for 48 hours at 4C in secondary antibodies 455 diluted in PBST ( Table 3) 
Calcium activity in LK neurons 473
Calcium activity of LK neurons following various stresses was measured using the 474 CaLexA (Calcium-dependent nuclear import of LexA) technique [22] . Briefly, 6-8-day-old 475 males were either transferred to a vial containing nothing (desiccation), a vial containing 476 aqueous 1% agar (starvation) or a vial containing artificial diet (normal food) and 477 incubated for 16 hours. In addition, one set of flies were desiccated for 13 hours and then 478 transferred to a vial containing 1% agar (re-watered). Following this period, the flies were 479 fixed, dissected brains processed for immunohistochemistry and the GFP fluorescence 480 was quantified as described above. 481 482
Stress-resistance assays 483
To assay for survival under desiccation (dry starvation) and starvation, flies were kept in 484 empty vials and vials containing 5 ml of 0.5% aqueous agarose (A2929, Sigma-Aldrich), 
Water-content measurements 492
For water content measurements, 15 flies per replicate (4 biological replicates) were 493 either frozen immediately on dry ice or desiccated as above for 9 hours and then frozen. 494
The samples were stored at -80C until use. To determine their wet weight, flies were 495 brought to room temperature and their weight was recorded using a Mettler Toledo MT5 496 microbalance (Columbus, USA). The flies were then dried for 24-48 hours at 60C before 497 recording their dry weight. The water content of the flies was determined by subtracting 498 dry weight from wet weight. 499 500
Blue dye feeding assay 501
Short-term food intake was measured as previously described [66] . Briefly, flies were 502 starved for 24 hours on 1% agar (Fisher Scientific) or maintained on standard fly food. At 503 ZT0, flies were transferred to food vials containing 1% agar, 5% sucrose, and 2.5% blue 504 dye (FD&C Blue Dye No. 1, Spectrum). Following 30 minutes of feeding, flies were flash 505 frozen on dry ice and four flies per sample were homogenized in 400 μL PBS (pH 7.4, 506
Fisher Scientific). Color spectrophotometry was used to measure absorbance at 655 nm 507 in a 96-well plate reader (Millipore, iMark, Bio-Rad). Baseline absorbance was 508 determined by subtracting the absorbance measured in non-dye fed flies from each 509 experimental sample. 510 511
Proboscis extension reflex 512
Flies were collected and placed on fresh food for 24 hours, then starved for 24 hours in 513 vials containing 1% agar. Flies were then anaesthetized under CO2, and their thorax and 514 wings were glued with nail polish to a microscopy slide, leaving heads and legs 515 unconstrained. Following 1-hour recovery in a humidified chamber, the slide was 516 mounted vertically under the dissecting microscope (SM-3TX-54S, AmScope) and 517 proboscis extension reflex (PER) was observed. PER induction was performed as 518 described previously [67] . Briefly, flies were satiated with water before and during 519 experiments. Flies that did not water satiate within 5 minutes were excluded from the 520 experiment. A 1 ml syringe (Tuberculin, BD&C) with an attached pipette tip was used for 521 tastant (sucrose) presentation. Tastant was manually applied to tarsi for 2-3 seconds 3 522 times with 10 second inter-trial intervals, and the number of full proboscis extensions was 523 recorded. Tarsi were then washed with distilled water between applications of different 524 concentrations of sucrose (0.1, 1.0, 10, and 100 mM) and flies were allowed to drink 525 water during the experiment ad libitum. Each fly was assayed for response to tastants. 526 PER response was calculated as a percentage of proboscis extensions to total number of 527 tastant stimulations to tarsi. 528 529
Activity and metabolic rate 530
Activity and metabolic rate (MR) was simultaneously recorded using the setup described 531 earlier [23]. Briefly, MR was measured at 25°C through indirect calorimetry, measuring 532 CO2 production of individual flies with a CO2 analyzer (LI-7000, LI-COR). Baseline CO2 533 levels were measured from an empty chamber, alongside five behavioral chambers, each 534 measuring the CO2 production of a single male fly. The weight of a group of 10 flies was 535 used to normalize metabolic rate since Lk mutants weighed significantly more than 536 control w 1118 flies. Flies were anesthetized using CO2 for sorting and allowed 24 hours 537 acclimation before the start of an experiment. Flies were placed in glass tubes that fit a 538 custom-built Drosophila Locomotor Activity Monitor (Trikinetics, Waltham, MA), 539 containing a single food tube containing 1% agar plus 5% sucrose with green food 540 coloring (McCormick). Locomotor activity data was calculated by extracting 10 minute 541 activity periods for 24 hours using a custom generated Python program. CO2 output was 542 measured by flushing air from each chamber for 75 seconds providing readout of CO2 543 accumulation over the 10-minute period. This allowed for the coordinate and 544 simultaneous recordings of locomotor activity and metabolic rate. anaesthetized under CO2 and loaded into DAMS tubes containing standard fly food for 551 acclimation. After 24 hours acclimation in DAMS tubes with food, baseline activity was 552 measured for 24 hours. Tubes were maintained in a 25°C incubator with 12:12 LD cycles. 553 554
Mining public datasets for expression of genes 555
Lkr distribution in various tissues was determined by mining the FlyAtlas database [27] . 556
Lkr expression in the different regions of the gut and its cell types was obtained using 557 Flygut-seq [28] . A single-cell transcriptome atlas of the Drosophila brain was mined using 558 SCope ( http://scope.aertslab.org ) to identify genes coexpressed with Lkr [29] . 559 560
Statistical analyses 561
The experimental data are presented as means  s.e.m. Unless stated otherwise, one-562 way analysis of variance (ANOVA) followed by Tukey's multiple comparisons test was 563 used for comparisons between three genotypes and an unpaired t test was used for 564 comparisons between two genotypes. All statistical analyses were performed using 565
GraphPad Prism with a 95% confidence limit (p < 0.05). Survival and stress curves were 566 compared using Mantel-Cox log-rank test. ABLKs that could be detected is higher in rewatered flies compared to other conditions. 781
(assessed by one-way ANOVA followed by Tukey's multiple comparisons test). 782 Table 1 for the statistics of 790 graphs A-E. (E) Starved and fed Lk and Lkr mutants do not show any differences in 791 short-term feeding compared to control flies as measured using a blue-dye feeding assay 792
(assessed by one-way ANOVA). (F) Expression of tetanus toxin in Lk neurons also has 793 no effect on short-term feeding. 
